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Simplified (?) Models? … Yes, please
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) ATLAS-CONF-2013-0471.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e, µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-047740 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0471.3 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1

1 e, µ 3-6 jets Yes 20.3 m(χ̃
0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2013-0621.18 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e, µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 m(χ̃
0
1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(H̃)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(g̃)>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2013-0611.2 TeVg̃

g̃→tt̄χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<400 GeV ATLAS-CONF-2013-0611.34 TeVg̃

g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV ATLAS-CONF-2013-0611.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 20.7 m(χ̃

±
1 )=2 m(χ̃

0
1) ATLAS-CONF-2013-007275-430 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1

2 e, µ 0-2 jets Yes 20.3 m(χ̃
0
1) =m(t̃1)-m(W)-50 GeV, m(t̃1)<<m(χ̃

±
1 ) 1403.4853130-210 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1

2 e, µ 2 jets Yes 20.3 m(χ̃
0
1)=1 GeV 1403.4853215-530 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1

1 e, µ 1 b Yes 20.7 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-037200-610 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.5 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-024320-660 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV ATLAS-CONF-2013-06890-200 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃01 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV 1403.529490-325 GeVℓ̃

χ̃+
1
χ̃−
1 , χ̃

+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-465 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→τ̃ν(τν̃) 2 τ - Yes 20.7 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2013-028180-330 GeVχ̃±

1

χ̃±
1
χ̃0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1Zχ̃

0
1

2-3 e, µ 0 Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1h χ̃

0
1

1 e, µ 2 b Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 ,
χ̃0
2

Direct χ̃
+

1
χ̃−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s ATLAS-CONF-2013-057832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 4.7 0.4<τ(χ̃
0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X, ν̃τ→e + µ 2 e, µ - - 4.6 λ′
311

=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X, ν̃τ→e(µ) + τ 1 e, µ + τ - - 4.6 λ′

311
=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 1 e, µ 7 jets Yes 4.7 m(q̃)=m(g̃), cτLS P<1 mm ATLAS-CONF-2012-1401.2 TeVq̃, g̃

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.7 m(χ̃

0
1)>300 GeV, λ121>0 ATLAS-CONF-2013-036760 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.7 m(χ̃

0
1)>80 GeV, λ133>0 ATLAS-CONF-2013-036350 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.7 ATLAS-CONF-2013-007880 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e, µ (SS) 2 b Yes 14.3 ATLAS-CONF-2013-051350-800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: Moriond 2014

ATLAS Preliminary∫
L dt = (4.6 - 22.9) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.



Is there evidence physics beyond the 
Standard Model?

Stable particle via ad-hoc symmetry



To a very large extent this was the  

Search for supersymmetric dark matter 
in the decay of colored superpartners



Theory Options

some of them talk to the issue mh=126 GeV >> MSSM
at this stage all worth your consideration

 



Run2 = Subtle SUSY



Run2 = Subtle SUSY

• electroweak 
• soft objects 
• new physics in precision SM

• low cross-section 
• low acceptance 
• low S/B
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FIG. 3: Left: two dimensional 95% C.L. exclusion limits in the neutralino-stop mass plane. Our derived limits are shown in
red (with expected limits shown as a dashed line), LEP limits [63] in gray while the CMS direct stop search in the light stop
region [25] is shown in blue. Right: excluded regions for massless neutralino in the stop-top mass plane. Excluded region from
our analysis derived using the top cross section alone (i.e. without assuming prior knowledge of the top mass) are shaded in
red, while the LEP limits are shown in gray. The e↵ect of combining the �tt̄ measurement with current mt measurements
(assuming no stop contamination) is shown as a blue line. Expected limits are shown as dashed lines. For both plots we assume
right-handed stop, t̃R.

limits [63] beyond the LEP kinematical range into a re-
gion currently unconstrained by LHC direct searches.
Stop mass limits based on the top cross section may
reach and extend beyond the top mass, with the bino
LSP case being more strongly constrained at higher stop
masses and being less constrained, for t̃R decays around
80 � 100GeV, due to the less e�cient t ! t̃�0

1 decays,
see Fig. 1 (right).

In Fig. 3a we present the case where the bino mass
is allowed to move in the (mt̃, m�0

1
) plane, comparing

our limits to those obtained by other existing direct stop
searches [25, 63]. Our method is closing the stealth stop
window for low neutralino masses, m�0

1
. 20GeV, while

it is not e↵ective for higher masses because signal rates
rapidily become too low with increasing m�0

1
.

Finally, in Fig. 3b we consider the case where the as-
sumption of a known top mass is relaxed. We use the
mt dependence of �tt̄ presented in [59]. We show the
limits of this scenario in the (mt̃,mt) plane for massless
bino. If mt is not known, either due to stop contam-
ination or to theoretical uncertainties [77], an increase
in mt can reduce �tt̄, thus compensating the e↵ects of
the extra SUSY contributions. Therefore the top cross
section is now allowing a significantly larger band in the
top–stop mass plane. However a 10GeV shift in the top

mass is required to re-open the stop window all the way
below 150GeV. While this shift is likely too large to
be allowed by current top mass measurements given the
agreement across di↵erent analysis techniques and given
the O(2GeV) uncertainty on mt in the endpoint analy-
sis in [78], the precise extent of the allowed regions can
ultimately be constrained only by studying SUSY con-
tamination in top mass analyses. In Fig. 3b we also
show the limit that would be achieved by combining the
cross section measurement with a mass measurement of
mt = 173.34 ± 0.76GeV [79], in order to illustrate the
sensitivity assuming present mass measurements are not
significantly impacted by the presence of stops.

Discussion: We have introduced a novel method for
constraining light stops with precision top cross sec-
tion measurements at the LHC. The idea of using preci-
sion SM measurements to constrain BSM physics is well
known for indirect observables (like electroweak preci-
sion measurements or flavor violating observables), but
mostly unexplored at high energy colliders, such as the
LHC, where a dichotomy between “measurements” and
“searches” is often present. This type of studies can be
very powerful in covering the shortcomings of standard
searches, but clearly require high precision for both the-
ory and experiment which, at present, makes them appli-

1406.5375 1407.1043 

light stop effects on top cross-section

effects on top mass? 1410.7025

mχ ≠ 1 GeV



light stop effects on Δφ(ℓℓ)

• mχ ≠ 1 GeV 
• variations

Precision SUSY-top

unfolded precision distributions?
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Figure 6: The mass reach in the pure higgsino scenario in the disappearing track channel

with L = 3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red).

The bands are generated by varying the background normalization between 20� 500%. Only

events passing the analysis cuts in App. A are considered.

channel
systematics/ 14 TeV 100 TeV

normalization 95% limit 5� discovery 95% limit 5� discovery

monojet
1% 185 GeV 80 GeV 870 GeV 285 GeV

2% 95 GeV 50 GeV 580 GeV 80 GeV

disappearing tracks

20% 185 GeV 155 GeV 750 GeV 595 GeV

100% 140 GeV 95 GeV 615 GeV 485 GeV

500% 90 GeV 70 GeV 485 GeV 380 GeV

Table 2: Mass reach for the pure higgsino scenario. For the monojet channel, the second

column shows the systematic uncertainty on the background used, while the systematic uncer-

tainty on the signal was 10%. For the disappearing tracks channel, the second column shows

the background normalization. For this channel the background systematic uncertainty was

20% and the signal systematic uncertainty was 10%.

is not as sensitive as the monojet search, but were the splitting to be decreased by a factor

of two, the limits would be comparable to the reach for winos.

5 Mixed Spectra

In the previous two sections we studied the phenomenology of pure LSPs which feature nearly

degenerate electroweakinos. In more general mixed scenarios, larger mass splittings between

charginos and neutralinos can be generated. In this paper, we look at the compressed case

– 11 –

of a track. While no upper limit on track length is enforced in Fig. 2, as the distribution

is exponential the value of the upper limit, dtrack ⇠ 80 cm for ATLAS [61], has a negligible

impact4.

Since the dominant background for a disappearing track search would be mismeasured

low pT tracks, it is not possible to accurately project the background in a yet-to-be-designed

detector at a 100 TeV proton-proton collider. Nevertheless, Fig. 2 can serve as a rough

guide. For example, one could require d

track
> 30 cm and there be tens of signal events

passing all cuts, which is roughly where the 8 TeV ATLAS limit is set. We choose to attempt

a more systematic approach and naively extrapolate the dominant ATLAS background of

mismeasured tracks. The ATLAS search selects events with one or two hard jets and large
/

ET where neither of the jets can be too close to the /

ET direction. As this is the same

criteria as the monojet search we estimate the background normalization to be set by the

Z(⌫⌫) + jets rate. Additional details on our scaling procedure are found in App. A. The

results of the extrapolation are shown in Fig. 3 with � = 10% and � = 20%. The band is

generated by varying the background normalization up and down by a factor of 5.
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Figure 3: The mass reach in the pure wino scenario in the disappearing track channel with

L = 3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background normalization between 20 � 500%. Only

events passing the analysis cuts in App. A are considered.

The results are summarized in Table 1. In the monojet channel, we find that a 100 TeV

collider extends the wino mass reach about 4�5 times that of the LHC entering the TeV mass

range. A much more promising search, however, is the disappearing track search. Already at

4The pure wino scenario results in a chargino lifetime of c⌧ ⇠ 6 cm in the bulk of the mass range. Even

with the boost dtrack = ��c⌧ , most charginos decay before reaching the end of the inner detector. However, if

the chargino lifetime were modified such that c⌧ ⇠ dtracker, then the length of the tracker becomes a relevant

parameter.

– 8 –
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Figure 4: The mass reach in the pure higgsino scenario in the monojet channel with L =

3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background systematics between 1 � 2% and the signal

systematic uncertainty is set to 10%.
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Figure 5: Chargino track distributions for the pure higgsino scenario showing the number

of tracks for a given track length (left) and the number of tracks for a given higgsino mass

(right). The dashed lines shows the same plots with a neutralino-chargino mass splitting

half the standard value, and the dashed-dotted lines show the same plots with a neutralino-

chargino mass splitting twice the standard value. Only events passing the analysis cuts in

App. A and containing at least one chargino track with pT > 500 GeV are considered.

as well as for scenarios with twice the splitting and one half of the splitting. Fig. 5 (right)

shows the corresponding plot for the number of tracks.

Results are shown in Table 2. We find the monojet channel to reach m�̃ ⇠ 870 GeV. The

disappearing track search is potentially a promising channel too, but depends sensitively on

the chargino-neutralino mass splitting. The disappearing track with the canonical splitting
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winos to have a mass m�̃ . 1.6 TeV3. Future independent detection experiments, like CTA,

could move this bound down to m�̃ . 1.1 TeV [74, 75]. These limits, however, are subject to

a number of astrophysics uncertainties. Choosing di↵erent halo profile can move the HESS

limit as low as m�̃ ⇠ 0.5 TeV and as high as m�̃ ⇠ 2.2 TeV [70]. Non-thermally produced, but

relic density saturating, winos are ruled out across the parameter space up to m�̃ . 25 TeV.

Direct detection is another avenue through winos could be discovered. In the heavy

wino limit, the spin-independent scattering cross-section has been calculated to be �SI =

1.3 ⇥ 10�47 cm2 [76]. Future experiments are projected to probe this cross-section for dark

matter masses of a few hundred GeV [77]. TeV-scale dark matter is not only beyond the

predicted reach, but also sits along the neutrino coherent scattering floor [77].

As direct detection cannot probe thermally-saturating winos and indirect detection in-

volves astrophysics uncertainties, there is a potentially interesting window in parameter space

left open. As will be shown, the LHC will not be able to cover it, as it is only sensitive to

m�̃ ⇠ 280 � 380 GeV winos. A 100 TeV collider, on the other hand, may be able to reach

1.4� 2.9 TeV and cover the parameter space.

The wino is an electroweak triplet which results in one neutral and one charged state at

low energies. The pair production of charginos proceeds via the Drell-Yan-like process of

an s-channel Z going to a pair of charginos, which subsequently decay to the LSP and soft

standard model particles. Charginos can also be produced directly along with a neutralino

via an s-channel W±.

 [GeV]χ∼m
0 500 1000 1500 2000

Bδ
S/

0

1

2

3

4

5

6

-1
M

adG
raph5 + Pythia6 + D

elphes3, L = 3000 fb

Wino
1-2% syst.

Monojet

95%

σ5

100 TeV
14 TeV

Figure 1: The mass reach in the pure wino scenario in the monojet channel with L =

3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background systematics between 1 � 2% and the signal

systematic uncertainty is set to 10%.

3Thermally produced winos with a mass m�̃ . 3.1 TeV would only comprise part of the relic abundance.
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The bands are generated by varying the background normalization between 20� 500%. Only

events passing the analysis cuts in App. A are considered.

channel
systematics/ 14 TeV 100 TeV

normalization 95% limit 5� discovery 95% limit 5� discovery

monojet
1% 185 GeV 80 GeV 870 GeV 285 GeV

2% 95 GeV 50 GeV 580 GeV 80 GeV

disappearing tracks

20% 185 GeV 155 GeV 750 GeV 595 GeV

100% 140 GeV 95 GeV 615 GeV 485 GeV

500% 90 GeV 70 GeV 485 GeV 380 GeV

Table 2: Mass reach for the pure higgsino scenario. For the monojet channel, the second

column shows the systematic uncertainty on the background used, while the systematic uncer-

tainty on the signal was 10%. For the disappearing tracks channel, the second column shows

the background normalization. For this channel the background systematic uncertainty was

20% and the signal systematic uncertainty was 10%.

is not as sensitive as the monojet search, but were the splitting to be decreased by a factor

of two, the limits would be comparable to the reach for winos.

5 Mixed Spectra

In the previous two sections we studied the phenomenology of pure LSPs which feature nearly

degenerate electroweakinos. In more general mixed scenarios, larger mass splittings between

charginos and neutralinos can be generated. In this paper, we look at the compressed case

– 11 –

channel
systematics/ 14 TeV 100 TeV

normalization 95% limit 5� discovery 95% limit 5� discovery

monojet
1% 280 GeV 140 GeV 1.4 TeV 560 GeV

2% 205 GeV 100 GeV 960 GeV 310 GeV

disappearing tracks

500% 250 GeV 180 GeV 2.1 TeV 1.6 TeV

100% 385 GeV 295 GeV 2.9 TeV 2.2 TeV

20% 535 GeV 440 GeV 3.5 TeV 2.9 TeV

Table 1: Mass reach for the pure wino scenario. For the monojet channel, the second column

shows the systematic uncertainty on the background used, while the systematic uncertainty

on the signal was 10%. For the disappearing tracks channel, the second column shows the

background normalization. For this channel the background systematic uncertainty was 20%

and the signal systematic uncertainty was 10%.

8 TeV this channel has been shown to be more sensitive than a monojet search [61], and this

continues to be the case at 100 TeV. Depending on the detector-backgrounds, this search has

the potential to rule out (or perhaps discover) thermal winos.

4 Pure Higgsino

Another interesting class of SUSY spectra are those that contain a higgsino as the LSP.

Because of the connection between µ and fine-tuning, these spectra arise in natural SUSY [79,

80], as well as in split SUSY [81] and mini-split SUSY [67]. A thermal higgsino saturates the

relic density for m�̃ ⇠ 1 TeV, which like the thermal wino, is inaccessible to the LHC. The

spin-independent scattering cross-section has been calculated to be �SI . 10�48 cm2 which is

near or below the neutrino coherent scattering floor [76, 77]. While a 100 TeV collider can

come much closer to the thermal value, likely it is still not able to rule out this scenario.

The higgsino is a vector-like doublet which results in two neutralinos and one chargino at

low energies. This opens up additional pair production channels relative to the pure wino

case, but all channels are still through an s-channel W± or Z.

Fig. 4 shows the mass reach in the monojet channel for the pure higgsino scenario. As in

the wino case, there is a factor 4-5 enhancement in reach for the 100 TeV collider relative to

the LHC. The reach is weaker than that for winos, mainly due to the reduction in production

cross-section.

It is also imaginable to do a disappearing track such for higgsinos. We note that, in compar-

ison to the wino, it is more likely for heavier new particle states to alter the higgsino splitting

as the lowest higher dimensional operator splitting the charged and neutral higgsinos is di-

mension 5. Therefore choosing a higgsino splitting has a larger degree of model dependence.

In Fig. 5 (left) we show the distance of chargino tracks for the standard one-loop splittings,

– 9 –
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8 Summary

A search has been performed for pair production of heavy resonances decaying to pairs of jets
in four-jet events from proton-proton collisions at

p
s = 8 TeV with the CMS detector. The

distribution in the average mass of selected dijet pairs has been investigated for localized dis-
agreements between the data and the background estimate. This method takes advantage of a
number of additional optimized kinematic requirements imposed on the dijet pair. No signifi-
cant deviation is found between the selected events and the expected standard model multijet
background. Limits are placed on the production of colorons decaying into four jets with a
100% branching fraction, excluding at 95% confidence level, masses between 200 and 835 GeV.
For this model, these results include first limits in the mass ranges of 200–250 GeV and 740–
835 GeV, extending previous limits [15] to lower masses by 50 GeV, and to higher masses by
95 GeV. Limits are set on top squark pair production through the l00

UDD coupling to final states
with either only light-flavor jets or both light- and heavy-flavor jets with a 100% branching
fraction. We exclude at a 95% confidence level top squark production followed by R-parity
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8 Summary

A search has been performed for pair production of heavy resonances decaying to pairs of jets
in four-jet events from proton-proton collisions at

p
s = 8 TeV with the CMS detector. The

distribution in the average mass of selected dijet pairs has been investigated for localized dis-
agreements between the data and the background estimate. This method takes advantage of a
number of additional optimized kinematic requirements imposed on the dijet pair. No signifi-
cant deviation is found between the selected events and the expected standard model multijet
background. Limits are placed on the production of colorons decaying into four jets with a
100% branching fraction, excluding at 95% confidence level, masses between 200 and 835 GeV.
For this model, these results include first limits in the mass ranges of 200–250 GeV and 740–
835 GeV, extending previous limits [15] to lower masses by 50 GeV, and to higher masses by
95 GeV. Limits are set on top squark pair production through the l00

UDD coupling to final states
with either only light-flavor jets or both light- and heavy-flavor jets with a 100% branching
fraction. We exclude at a 95% confidence level top squark production followed by R-parity
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FIG. 1: Existing constraints on pp → t̃t̃∗ → 4j from the LHC, reinterpreting the results of [8–11]

to account for stop acceptances relative to coloron or hyperpion acceptances.

to disentangle from the pure QCD backgrounds. Another major complicating aspect at the

LHC is the multijet triggers, which can heavily prescale-away the signatures of stops lighter

than several hundred GeV. Some of the best current direct limits actually come from LEP,

which rules out mt̃ <∼ 90 GeV [30]. A recent search at the Tevatron extends this limit up

to only about 100 GeV [31]. However, so far, direct searches for pair-production of dijet

resonances at the LHC have failed to reach the sensitivity necessary to place constraints for

any stop mass [8–11]. A snapshot of the current situation can be seen in Fig. 1. In fact, the

inevitable rise of trigger thresholds with instantaneous luminosity and beam energy leaves

us to wonder whether the LHC will ever be sensitive to this signal. At the very least, this

trend suggests that masses near the current limit of 100 GeV might be left unexplored.1

One way around these difficulties is to search for the stop as a dijet resonance produced in

the decays of heavier colored superparticles, such as gluinos [33] or sbottoms [6] (or possibly

the heavier stop eigenstate), or to simply set bounds using the associated leptonic activity

and high HT of these decays [34–37]. Naturalness suggests that these colored superparticles

should also not be far above 1 TeV, and might be produced with observable rates. It is also

possible to invoke Minimal Flavor Violation (MFV), which suggests that stops dominantly

decay (with a branching ratio≃ 95%) into b̄s̄ or b̄d̄ [13]. It was pointed out in [38] that

incorporating b-tagging into the triggering might allow the direct stop pair signal to write

to tape with higher efficiency, and subsequent kinematic analysis can discriminate it from

1 For recent projections for the long-term LHC, which begin to achieve exclusion reach but nonetheless do

not pursue signals below 300 GeV, see the recent Snowmass study [32].
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1500 GeV gluino mass. To quote numerical results, we conservatively use the points where
the �1s-uncertainty curve for the NLO+NLL cross section crosses the expected- and observed-
limit curves. We additionally quote the result where the central theory curve intersects the limit
curves.

The production of RPV gluinos decaying into light-flavor jets is excluded at 95% CL for gluino
masses below 650 GeV, with a less conservative exclusion of 670 GeV based upon the central
theory value. These results extend our limit of 460 GeV [9] obtained with the 2011 CMS dataset.
Gluinos that decay into heavy-flavor jets are excluded for masses between 200 and 835 GeV,
which is the most stringent mass limit to date on this model of RPV gluino decay, with the less
conservative exclusion of 855 GeV from the central theory value.
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7 Conclusion

A search for hadronic resonance production in pp collisions at a center-of-mass energy of 8 TeV
has been conducted by the CMS Collaboration at the LHC with a data sample corresponding
to an integrated luminosity of 19.5 fb�1. The approach is model independent, with event se-
lection criteria optimized using the R-parity-violating (RPV) supersymmetric model for gluino
pair production in a six-jet final state. Two different scenarios for this RPV decay have been
considered: gluinos decaying exclusively to light-flavor jets, and gluinos decaying to at least
one bottom-quark jet and two light-flavor jets, with the assumption in both cases of a 100%
branching fraction for gluino decay to quark jets. Data-driven methods have been used to
derive standard model QCD multijet estimates. Events with high jet multiplicity and a large
scalar sum of jet pT have been analyzed for the presence of signal events, and agreement has
been found between the standard model background estimates and the numbers of selected
events. The production of RPV gluinos decaying into light-flavor jets has been excluded for
masses below 650 GeV at 95% CL. Heavy-flavor gluinos have been excluded at 95% CL for
masses between 200 and 835 GeV, which is the most stringent limit to date for this model of
gluino decay.
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FIG. 3. The observed (points) and expected (solid black line)
95% confidence level limits on the production cross section
σ(pp̄ → XX

′

) × BR(g̃g̃ → 3 jet + 3 jet) where X,X ′ = g̃, q̃,
or ˜̄q, including systematic uncertainties. The shaded bands
represent the total uncertainty on the limit. Also shown is
the model cross section from pythia corrected by an NLO
k-factor (dash-dot line for 0.5 TeV/c2 < m

q̃
< 0.7 TeV/c2,

dashed line for m
q̃
= m

g̃
+ 10 GeV/c2).

TeV/c2 < m
q̃
< 0.7 TeV/c2) we exclude gluinos below

a mass of 144 GeV/c2 (dashed line). In the case of a
squark mass which is nearly degenerate with the gluino
mass (m

q̃
= m

g̃
+ 10 GeV/c2) we exclude gluinos below

155 GeV/c2 (dash-dot line).

We have performed a first search for three-jet hadronic
resonances in a six or more jet final state using a data
sample with an integrated luminosity of 3.2 fb−1 collected
by the CDF II detector. A novel technique is introduced
that exploits kinematic features within an ensemble of
jet combinations that allows us to extract signal from
the QCD background. We observe no significant excess
in the data in an invariant mass range from 77 GeV/c2

to 240 GeV/c2 and place 95% confidence level limits on
the production cross section σ(pp̄ → XX

′

) × BR(g̃g̃→
3 jet + 3 jet) where X,X ′ = g̃, q̃, or ˜̄q, with q̃, ˜̄q → g̃ +
jet, versus gluino mass. The results are presented as lim-
its on RPV gluinos decaying to three jets, but are more
widely applicable to any new particle with a three-jet de-
cay mode. Two different squark mass scenarios have been
considered: decoupled squarks and squarks nearly degen-
erate in mass with the gluino. We can exclude gluinos
below 144 GeV/c2 and 155 GeV/c2 respectively.
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mounting importance (and power) of boosted analyses
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channel. The published CMS results using 35 pb�1 of 2010 data and using 5 fb�1 of 2011 data are
shown for comparison.
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A few highlights to cover the low mass cases
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neutralino limit. A 2 TeV stop could be discovered in the compressed region of parameter

space. It is possible to exclude neutralino masses up to 3 TeV in most of the parameter

space.

All of the results presented here have been obtained with very minimal cut-flows that do

not rely on b-tagging or jet substructure techniques. Additional refinements should increase

the search sensitivity, at the price of making assumptions on the future detector design.
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FIG. 5: Projected discovery potential [left] and exclusion limits [right] for 3000 fb�1 of total
integrated luminosity. At each signal point, the significance is obtained by taking the smaller CLs

between the heavy stop and compressed spectra search strategies, and converting CLs to number
of �’s. The blue and black contours (dotted) are the expected (±1�) exclusions/discovery contours
using the heavy stop and compressed spectra searches.

D. Di↵erent Luminosities

An open question in the design for the 100 TeV proton-proton collider is the luminosity

that is necessary to take full advantage of the high center of mass energy. As cross sections fall

with increased center of mass energy, one should expect that higher energy colliders require

more integrated luminosity to fulfill their potential. The necessary luminosity typically

scales quadratically with the center of mass energy, meaning that one should expect that

the 100 TeV proton-proton collider would need roughly 50 times the luminosity of the LHC

at 14 TeV.

This section shows the scaling of our search strategy as a function of the number of

collected events. As the luminosity changes, we re-optimize the /ET cut. For integrated

luminosities of 300 fb�1, a /ET cut of 3 TeV is chosen. For 30000 fb�1, a /ET cut of 5 or 6

TeV is chosen, depending on the mass point. Table III lists the number of background events
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FIG. 3: Final spectra of mavg after all cuts, for an untagged analysis (left) and a b-tagged anal-

ysis assuming BR(t̃ → b̄d̄/b̄s̄) ≃ 100% and tagging/mistagging rates as described in the text

(right). Displayed backgrounds include matched QCD (black), tt̄ (pink), and W+jets (green). The

matched QCD histogram has been smoothed from the Monte Carlo data, as described in the next

section. Displayed example stop models, stacked onto the QCD background, include 100 GeV

(blue), 200 GeV (purple), and 300 GeV (red). The lower panels show the S/B ratio relative to

QCD, and the bin-by-bin fractional statistical errors on the QCD background expected for the

2012 LHC run. (Note the changes in vertical axes between untagged and tagged.)

theoretical control than pure QCD, and its normalization could be extracted in the highly

orthogonal semileptonic channel. We therefore anticipate that it could be systematically

subtracted or accounted for in a constrained fit. Indeed, it can even serve as a useful

calibration peak. If it is necessary to further suppress tt̄, it might be possible to do so with

supplementary substructure cuts that can pick out and reject 3-body features, without highly

rescultpting the continuum QCD. (E.g., N-subjettiness [48] observables or the dimensionless

variables of the HEPTopTagger [59] would be appropriate to study.) Regardless, some

degradation of sensitivity in the vicinity of mt should be expected in reality.

If the RPV coupling obeys MFV, then almost every stop decay will contain a b-quark.

It therefore becomes possible to exploit a b-tagged analysis. We show in the right panel

of Fig. 3 the mavg spectra after demanding that at least one of the four subjets is tagged,

assuming flat (b, c, q/g) tag rates of (60%, 10%, 2%). The S/B (and S/
√
B) improves

top peak shape.
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are excluded in the 6-quark model. Bin centers correspond to evaluated models.
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Figure 12: Expected and observed cross-section limits for the 6-quark gluino models for (a) the case
where no gluinos decay into heavy-flavour quarks, and (b) the case where every gluino decays into a
b-quark in the final state.
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Figure 13: As for Fig. 12, but also requiring each gluino to decay into a top-quark.
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Heavy flavor tags at Run2

(a) 6-quark model (b) 10-quark model

Figure 1: Feynman diagrams for the gluino decays used as benchmarks for this search. Diagrams for (a)
the 6-quark model and (b) the 10-quark model are shown.

Section 6.

2 Detector, data acquisition, and object definitions

The ATLAS detector [20,21] provides nearly full solid angle coverage around the collision point with an
inner tracking system covering |η| < 2.51, electromagnetic and hadronic calorimeters covering |η| < 4.9,
and a muon spectrometer covering |η| < 2.7.

The ATLAS tracking system is comprised of a silicon pixel tracker closest to the beamline, a mi-
crostrip silicon tracker, and a straw-tube transition radiation tracker at radii up to 108 cm. These systems
are layered radially around each other in the central region. A thin solenoid surrounding the tracker
provides an axial 2 T field enabling measurement of charged particle momenta. The track reconstruction
efficiency ranges from 78% at ptrack

T = 500 MeV to more than 85% above 10 GeV, with a transverse
impact parameter resolution of 10 µm for high momentum particles in the central region. The overall
acceptance of the inner detector (ID) spans the full range in φ, and the pseudorapidity range |η| < 2.5 for
particles originating near the nominal LHC interaction region.

The calorimeter comprises multiple subdetectors with several different designs, spanning the pseu-
dorapidity range up to |η| = 4.9. The measurements presented here use data from the central calorimeters
that consist of the Liquid Argon (LAr) barrel electromagnetic calorimeter (|η| < 1.475) and the Tile
hadronic calorimeter (|η| < 1.7), as well as two additional calorimeter subsystems that are located in the
forward regions of the detector: the LAr electromagnetic end-cap calorimeters (1.375 < |η| < 3.2), and
the LAr hadronic end-cap calorimeter (1.5 < |η| < 3.2). As described below, jets are required to have
|η| < 2.8 such that they are fully contained within the barrel and end-cap calorimeter systems.

The jets used for this analysis are found and reconstructed using the anti-kt algorithm [22, 23] with
a radius parameter R = 0.4. The energy of the jet is corrected for inhomogeneities and for the non-
compensating nature of the calorimeter by weighting the energy deposits in the electromagnetic and the
hadronic calorimeters separately by factors derived from the simulation and validated with the data [24].

1The ATLAS reference system is a Cartesian right-handed coordinate system, with the nominal collision point at the origin.
The anticlockwise beam direction defines the positive z-axis, while the positive x-axis is defined as pointing from the collision
point to the centre of the LHC ring and the positive y-axis points upwards. The azimuthal angle φ is measured around the beam
axis, and the polar angle θ is measured with respect to the z-axis. Pseudorapidity is defined as η = ln[tan( θ2 )], rapidity is defined
as y = 0.5 ln[(E + pz)/(Epz)], where E is the energy and pz is the z-component of the momentum, and transverse energy is
defined as ET = E sin θ.
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Presentation of the results

• Recast-friendly 
• Fully reproducible 
• largely digitized (HepData)  

goal is to make the results more long-lived



• Detailed Background efficiency and its uncertainty 

• Detailed Signal efficiency and its uncertainty

goal is to make the results more long-lived
Presentation of the results



Compressed Status
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2013-02



• Detailed Background efficiency and its uncertainty 

• Detailed Signal efficiency and its uncertainty 

• MCs have tons of parameters → input cards? 
(A, A×ε, … become much more useful)

goal is to make the results more long-lived
Presentation of the results



Summary Plots

?

100~110 … LEP?

?
?

?

?

? signal uncertainty? 
→ better tools for 
simulation

? low acceptance? 
→ better 
observable/SR

?background 
uncertainty? → 
better tools for 
simulation



Are we happy with static summary plots?



Conclusions
• Simplified models are still the way to go 

• Colored landscape is actually black  

• Push on EW (mono-X, stub-tracks and alike, soft leptons, …) 

• Heavy flavor, resonance tagging

• Precision SM ↔ “low pT” BSM



Conclusions (2)
how to extend the life-time of the results

• signal and background simulation should be fully 
reproducible → publish cards for the codes?  
(truly gives meaning to publish A, A×ε, … ) 

• exclude well beyond the “target model”

• large body of results, mostly organized by Twiki  
(by hand?) (limited number of static summary 
plots?) 

• more data on HEPDATA  
(for measurements and for searches)

In my opinion:
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FIG. 1. Left panel: Summary of the existing limits in the stop-neutralino mass plane, as well as our exclusion curve for the
M1 signal region of the ATLAS search [41], in which we also extend the range of excluded stop masses below 100GeV. Right
panel: The exclusion arising from our proposed search “M1+b-tag”, indicated by the red solid curve. The red dashed curve
denotes the change brought about by a 20% increase of the total background error. See the text for details.

generate a su�cient amount of fully jet-matched events
to keep the statistical error below 10%. However, for the
signal, given the amount of points in the grid we aim to
cover, we do not have the computer resources to gener-
ate fully matched events at a similar level of statistical
uncertainty. We solve this problem by performing the
analysis in two steps. Since all events that pass the cuts
of our signal regions contain a hard jet, for each point
of the grid, we generated both the exclusive zero-jet LO
stop pair production process pp! t̃1 t̃1 and the one-jet
process pp! t̃1 t̃1j, for which we impose that the jet has
pT > 200GeV. The ratio of these two cross sections is
used to calculate the e�ciency of the pT > 200GeV cut.
The unmatched one-jet sample was then used for the grid
in the analysis. We have checked the validity of this pro-
cedure in a few points by generating fully matched inclu-
sive samples, with su�cient statistics, and we found the
two procedures to be in agreement within one statistical
standard deviation.

Results: In order to estimate whether a point in the
stop-neutralino mass plane is excluded, we compute the
number of expected events for that point in a given sig-
nal region. We expect that the experiments can put
a 95% C.L. exclusion for those mass points that yield
a number of signal events greater than N95 = 1.96 �B,
where �B is the total error in Table I.

Following this limit-setting procedure we start by cal-
culating the exclusion we obtain using the M1 signal re-
gion. The resulting exclusion curve is given by the red
solid curve in the left panel of Figure 1. We remark that

our exclusion curve follows quite closely the one given
by ATLAS, which further validates of our methods. It
should be noted that our curve extends down to the LEP
bound for m�̃0

1
>mt̃1� 40GeV, thereby covering part of

the unconstrained region between the blue ATLAS curve
and the black LEP curve. Hence, by considering stop
masses below 100GeV, the existing ATLAS bound aris-
ing from the M1 signal region can be extended.

Following the same limit-setting procedure for the sig-
nal region “M1+b-tag”, we obtain the red solid exclusion
curve in Figure 1 to the right. This is the main result
of this paper. The dashed red curve corresponds to a
20% increase of the total error on the background. The
comparison of the two red curves gives an idea of the sen-
sitivity of our result to a) the uncertainty associated with
the signal cross sections, b) possible contributions from
sub-leading backgrounds not evaluated for “M1+b-tag”.
We see that our proposed search “M1+b-tag” covers the
entire unconstrained region. Moreover, it slightly extends
the existing LHC limits for stop mass around 200GeV.

It is worth mentioning that our simulations suggest
that further sensitivity is gained by removing the ��
condition, but keeping the same b-tag requirement as in
“M1+b-tag”. In the M1 signal region, the�� condition is
introduced to reduce the pure-QCD multijet background,
for which the E/ T originates from jet mismeasurements.
However, the b-tag requirement can be seen as an alter-
native to the �� cut since it is, already by itself, dramat-
ically reducing the multijet background. With our sim-
ulation tools, the estimation of the multijet background

1502.01721



 [GeV]χ∼m
0 500 1000 1500 2000

Bδ
S/

0

1

2

3

4

5

6

-1
M

adG
raph5 + Pythia6 + D

elphes3, L = 3000 fb

Bino/wino
m = 20 GeV∆

2-5% syst.

Soft Leptons

 = 100 TeVs

95%

σ5

0 lepton
0+1 lepton
0+1+2 lepton

Figure 9: The mass reach in the mixed bino/wino(/higgsino) (� = 20 GeV) scenario in the

soft lepton channel at 100 TeV with L = 3000 fb�1 at 100 TeV looking for 0 leptons (blue),

0 or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the

background systematics between 2� 5% and the signal systematic uncertainty is set to 10%.
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Figure 10: The mass reach in the mixed bino/higgsino (� = 20 GeV) scenario in the soft

lepton channel at 14 TeV with L = 3000 fb�1 at 100 TeV looking for 0 leptons (blue), 0

or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the

background systematics between 2� 5% and the signal systematic uncertainty is set to 10%.

The results for bino/higgsino (� = 30 GeV) and bino/wino (� = 20 GeV) are very similar.

process, which has a much smaller cross-section. The exclusion reach extends to m�̃ ⇠ 1 TeV

in all cases and the discovery reaches several hundred GeV.
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